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A new scaffold for binding haem in the cytochrome domain of
the extracellular flavocytochrome cellobiose dehydrogenase
B Martin Hallberg1, Terese Bergfors1, Kristina Bäckbro1, Göran Pettersson2,
Gunnar Henriksson3 and Christina Divne1*
Background: The fungal oxidoreductase cellobiose dehydrogenase (CDH)
degrades both lignin and cellulose, and is the only known extracellular
flavocytochrome. This haemoflavoenzyme has a multidomain organisation with a
b-type cytochrome domain linked to a large flavodehydrogenase domain. The
two domains can be separated proteolytically to yield a functional cytochrome
and a flavodehydrogenase. Here, we report the crystal structure of the
cytochrome domain of CDH.
Results: The crystal structure of the b-type cytochrome domain of CDH from
the wood-degrading fungus Phanerochaete chrysosporium has been
determined at 1.9 Å resolution using multiple isomorphous replacement
including anomalous scattering information. Three models of the cytochrome
have been refined: the in vitro prepared cytochrome in its redox-inactive state
(pH 7.5) and redox-active state (pH 4.6), as well as the naturally occurring
cytochrome fragment.
Conclusions: The 190-residue long cytochrome domain of CDH folds as a
β sandwich with the topology of the antibody Fab VH domain. The haem iron is
ligated by Met65 and His163, which confirms previous results from
spectroscopic studies. This is only the second example of a b-type cytochrome
with this ligation, the first being cytochrome b562. The haem-propionate groups
are surface exposed and, therefore, might play a role in the association between
the cytochrome and flavoprotein domain, and in interdomain electron transfer.
There are no large differences in overall structure of the cytochrome at redox-
active pH as compared with the inactive form, which excludes the possibility
that pH-dependent redox inactivation results from partial denaturation. From the
electron-density map of the naturally occurring cytochrome, we conclude that it
corresponds to the proteolytically prepared cytochrome domain.
Introduction
A number of micro-organisms are able to grow on woody
materials and utilise cellulose as their carbon source. Cel-
lulose occurs naturally as an insoluble composite material,
lignocellulose, that consists of polymeric compounds such
as lignin, cellulose and hemicellulose. Cellobiose dehydro-
genase (CDH) [1] is an oxidoreductase that has been pro-
posed to play a multifunctional role in the breakdown of
lignocellulose by degrading both lignin and cellulose [2–4].
The mechanism by which this is achieved is different from
those of strictly lignin or strictly cellulose-degrading
enzymes, ligninases and cellulases, respectively.
To date, CDH is the only known extracellular flavocyto-
chrome, a small and heterogeneous group of redox-active
proteins that carry both haem and flavin prosthetic groups.
This multidomain haemoflavoenzyme is produced by
several wood-degrading fungi under cellulolytic conditions
(that is, in the presence of cellulose as carbon source) and
is of industrial and biotechnological interest because of its
documented ability to degrade a variety of components of
woody materials [2–4]. Moreover, the strong discrimina-
tion between monosaccharides and disaccharides by CDH
has been used to construct amperometric biosensors for
the measurement of cellobiose, lactose and cello-oligosac-
charides [5]. Other applications of CDH include degrada-
tion of various environmental pollutants. Recently, CDH
was shown to degrade an insoluble polyacrylate polymer
and also bromotrichloromethane [6].
CDH from the white-rot fungus Phanerochaete chrysospo-
rium has been cloned and sequenced [7,8]. The full-
length protein is a glycoprotein that consists of an
N-terminal b-type cytochrome (CYTcdh, Mr 25–35 kDa [9],
residues 1–190 [7,8]) linked by a peptide to a C-terminal
FAD-binding dehydrogenase domain (DHcdh, Mr 55 kDa
[9], residues 217–755 [7,8]). The amino acid sequence of
the flavodehydrogenase domain is distantly related to the
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family of GMC (glucose–methanol–choline) oxidoreduc-
tases [7], whereas that of the cytochrome domain appears
to be unrelated to that of any other known protein.
In vitro, the intact enzyme can be cleaved with papain to
give two fragments, CYTcdh and DHcdh [9]; however, the
separate proteins also occur naturally [9–11].
In the haemoflavoenzyme, the active site and a cellulose-
binding region reside in the flavoprotein domain [9,12].
Both half reactions of the redox process are assumed to
take place in the flavodehydrogenase domain. During the
oxidative half reaction, CDH catalyses the oxidation of
cellobiose, a reaction product in cellulose hydrolysis by
cellulases, to cellobiono-1,5-lactone [13] with the con-
comitant reduction of FAD to FADH2. The reductive half
reaction then proceeds with re-oxidation of the flavin to
FAD, and the reduction of a suitable two-electron or one-
electron acceptor. The FAD-binding domain itself is able
to reduce all electron acceptors of CDH [9,14]. In spite of
this, the presence of the haem domain stimulates the
reduction of one-electron acceptors such as ferricyanide,
phenoxy radicals and cytochrome c, for which enhanced
reaction rates are observed in the haemoflavoenzyme com-
pared with the flavodehydrogenase [14,15]. Excitation of
the haemoflavoenzyme at 413 or 442 nm and analysis of
resonance Raman spectra has shown that photoreduction
of the haem occurs in the intact enzyme, but not for the
individual domains [16]. This suggests that reducing
equivalents obtained from the oxidation of cellobiose  are
transferred from the flavin to the haem.
Evidence is accumulating that the biological function of
CDH is to induce depolymerisation of woody substrates
by generating highly reactive hydroxyl radicals via Fen-
ton’s chemistry [2,4,6,17]. According to this hypothesis,
the electrons abstracted by the FAD during cellobiose oxi-
dation are transferred either to O2, yielding H2O2, or to
Fe(III), yielding Fe(II). Ferrous iron and hydrogen perox-
ide react to form reactive hydroxyl radicals according to
the Fenton reaction:
Fe(II) + H2O2 → Fe(III) + OH– + OH⋅
The Fenton-based generation of hydroxyl radicals by
CDH has been confirmed by spin-trapping of the radical
species [6]. The haem iron is reduced during the catalytic
cycle, and the rate of Fe(III) reduction [14] and cellulose
depolymerisation [2] is significantly slower in the
absence of cytochrome domain. This suggests that, in the
intact enzyme, the haem stimulates the reduction of
Fe(III) by acting as an electron sink, or by directly reduc-
ing Fe(III) [14,15].
The protohaem IX of CYTcdh is of type b and analysis of
optical absorption spectra of reduced and oxidised CYTcdh
has shown that the haem iron is low-spin in both oxidation
states with sharp ferric and ferrous Soret (γ) bands in the
far-violet spectrum at 421 and 429 nm, respectively. More-
over, the α and β absorption bands of the ferrohaem
appear at 532 and 562 nm [18]. Oxidised, native CYTcdh
does not bind azide or cyanide, and the reduced form does
not bind carbon monoxide, observations that are all consis-
tent with a hexacoordinated haem [19]. Nuclear magnetic
resonance (NMR), electron paramagnetic resonance
(EPR) and near-infrared-magnetic circular dichroism
(near-IR MCD) studies have identified a histidine and a
methionine as axial ligands for the low-spin haem iron,
thus implying an electron-transport function for CYTcdh
[16,18]. Cox and co-workers have shown that the EPR
spectrum of ferric-haem CDH gives an unusually high gz
signal compared with those of other His–Met-coordinated
haem groups, which might be accounted for by a near-per-
pendicular arrangement of the strong-field, axial histidine
and methionine ligands [18]. As will be discussed below,
our crystallographic results lend support to this hypothe-
sis. The formal potential of the haem in both intact CDH
and isolated cytochrome has been determined to be
+169 mV relative to the standard hydrogen electrode by
cyclic voltammetry of CDH-modified membrane elec-
trodes (A Lindgren, personal communication).
Given that crystallisation of full-length CDH has proved
difficult, we have prepared, using proteolysis, cytochrome
and flavodehydrogenase fragments to determine their
structures individually. In the present work, we have
determined the 1.9 Å crystal structures of the in vitro pre-
pared cytochrome fragment at alkaline and acid pH, and
of the naturally occurring cytochrome at alkaline pH. The
structures reveal a haem-binding scaffold that is not com-
monly found in cytochromes, as well as an unusual form of
b-type haem ligation.
Results and discussion
Overall structure
The polypeptide chain of the cytochrome domain folds into
an ellipsoidal antiparallel β sandwich with approximate
dimensions of 30 Å × 36 Å × 47 Å (Figures 1,2). The sand-
wich has the same topology as the variable heavy chain of
the antibody Fab fragment, and consists of a five-stranded
and a six-stranded β sheet, referred to as the inner and outer
sheets, respectively (Figure 3). The interface between the
two β sheets contains a number of non-polar residues from
both sheets that form an internal bilayer of hydrophobic
sidechains that occupies a considerable volume. Besides the
β structure, there are two α-helical turns at the C terminus.
The haem pocket is formed on the inner β sheet at one face
of the sandwich. The C terminus and the beginning of the
linker peptide, however, are located on the opposite side of
the molecule, 31 Å away from the haem pocket.
CDH is glycosylated with mainly N-linked high-mannose
carbohydrates. Sequence motifs for N-glycosylation,
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Asn–X–Ser/Thr (in which X denotes any amino acid
residue), are present in the cytochrome and flavin domains
[7], and enzymatic removal of the carbohydrates does not
affect the activity of the enzyme.
For the cytochrome fragments crystallised here, there is a
large discrepancy between the apparent molecular weight
of 35 kDa, as determined using sodium dodecylsulfate
polyacrylamide gel electrophoresis (SDS-PAGE), and the
calculated molecular weight of 22 kDa. Molecular-weight
estimation of glycoproteins using SDS-PAGE is some-
times difficult because the prerequisite of a constant
charge/mass ratio is violated. Indeed, in the CDH
cytochrome structure, an N-linked carbohydrate chain
with two N-acetyl glucosamine and one mannose residue
is linked to Asn111. The high-mannose chain probably
extends beyond the last visible mannose residue but the
lack of interpretable electron density in the solvent region
prevents further modelling of carbohydrates.
The crystal environment is quite different for the two
molecules in the asymmetric unit. One of the molecules
(designated ‘B’) has fewer crystal contacts than the other
(designated ‘A’), which results in higher average tempera-
ture factors for molecule B. Nevertheless, the overall
structure of the two molecules is very similar. Regions
where the noncrystallographic symmetry (NCS) breaks
down include the vicinity of the C terminus, in which a
long loop (residues 32–42) between β strands A and B
(Figures 1–3) protrudes from the sandwich core. Because
of differences in crystal packing, the tip of this loop is
ordered in molecule B and slightly disordered in molecule
A. The only disulfide bond (Cys121–Cys124) is located in
β strand E, adjacent to the loop, and we believe that it
restricts the conformation of the loop. The proline
residues 32 and 33 at the beginning of the loop might
serve a similar purpose.
Based on our electron-density maps, the sequence
assigned to the CYTcdh model agrees with that of
P. chrysosporium cDNA deduced by Li et al. [8]. The C ter-
minus of the cytochrome domain appears to be hetero-
geneous, probably as a result of poor specificity of papain.
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Figure 1
Ribbon drawing of the CYTcdh molecule. The haem group is shown in
ball-and-stick representation. The outer and inner β sheets are
coloured green and light green, respectively, with the N-terminal
β hairpin of the outer sheet shown in orange. The C-terminal α helix is
shown in blue. The haem group is wedged by two loops above and
one extended loop below the haem in the picture. The picture was
made with Swiss PDB Viewer and rendered with POVRAY version 3.1.
Figure 2
Stereoview of the Cα trace of CYTcdh. The
Cα backbone has been colour-ramped from
the N terminus (red) to the C terminus (blue).
The haem-iron ligands Met65 and His163 are
depicted, as well as the protohaem group (red).
The picture was made with the program O [39]
and rendered with POVRAY version 3.1.
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Different preparations of cytochrome domain result in dif-
ferent C termini. In the pH 4.6 structure of the in vitro
prepared cytochrome (Cad4), the C-terminal residue is
Gly190, whereas Asn186 is the last visible residue in the
electron-density map in the structure at pH 7.5 (Cad3).
Also the naturally occurring cytochrome domain (Hp3),
appears to end at residue 186.
Divalent or trivalent cations are a prerequisite for obtain-
ing crystals of the cytochrome domain. The reason for
this is obvious from inspection of the cadmium-binding
sites: three cadmium ions lie on a straight line that runs
the NCS interface. One cadmium ion is shared by the
two molecules and is coordinated by the Oδ1 and Oδ2
atoms of Asp165 in molecule A, the same atoms from
Asp165 in molecule B, and two water molecules. The
second cadmium ion is coordinated by Asp24 Oδ2 of mol-
ecule A and the haem A-propionate carboxyl group of
molecule B. Conversely, the third cadmium ion is bound
by Asp24 Oδ2 of molecule B and the haem A-propionate
carboxyl group of molecule A. In addition to the high-
occupancy cadmium ions listed above, the carbonyl
oxygen of the C-terminal Asn186 in Cad3 and Hp3 coor-
dinates a cadmium ion together with Asp107 Oε2 and four
water molecules. Anomalous difference Fourier maps
reveal additional cadmium ions, but these appear to be
partly occupied minor sites.
The haem-binding pocket
The haem group is bound in a pocket at one face of the
β sandwich close to the surface of the molecule. The
concave inner β sheet forms the framework of the
pocket, and three loops protruding from this sheet
wedge the Fe-protoporphyrin-IX ring, two from above
(residues 62–68 and 148–161) and one from below
(residues 85–95) (Figure 1). Hydrophobic residues from
the inner β sheet line the pocket and cover a major
portion of the haem molecule. Residues that form the
hydrophobic haem-binding pocket include Met65,
Pro93, Tyr90, Phe160 and His163, which are all situated
in loops, as well as Trp56, Gly58, Ala60, Leu70, Val72,
Ala142, Ala144, Phe166 and Phe168 that lie in β strands
of the sandwich. On one side of the haem group, planar
stacking is observed between the sidechain of Glu162
and the protoporphyrin ring. The packing of the pocket
is tight, leaving little or no space for entry of additional
molecules. Within the limits of the coordinate error at
this resolution, the haem-iron atom lies almost perfectly
in the least-squares plane defined by the four pyrrole
nitrogen atoms. The distances from the iron atom to the
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Figure 3
Schematic topology diagram and ribbon
drawing of (a) CYTcdh and (b) the VH domain
of the Fab fragment. Strands belonging to the
inner and outer β sheets are coloured as in
Figure 1. In CYTcdh, the extra N-terminalβ hairpin of the outer sheet, that is not present
in the VH domain, is shown in orange. The
loops in CYTcdh that help form the haem-
binding pocket are labelled with an asterisk
(*), and the two haem ligands Met65 and
His163 are labelled. The hypervariable loops,
CDR1–3 in the VH domain, are also shown.
The numbering of β strands in the VH domain
is according to Branden and Tooze [44]. The
ribbon objects were made with MOLSCRIPT
[45] and rendered with POVRAY version 3.1.
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nitrogen atoms of the four haem-pyrrole rings (A–D) are
all close to 2.0 Å.
The haem iron is hexacoordinated with Met65 and His163
as axial ligands (Figure 4) and coordination distances of
approximately 2.0 Å and 2.3 Å are observed for His163 Nε2
and Met65 Sγ, respectively. In addition, one water mole-
cule is within hydrogen-bonding distance (3.0 Å) of
His163 Nδ1. The plane of the methionine sidechain
(CH3–S–CH2) forms an angle of ~30° with the plane of the
pyrrole nitrogens of the protoporphyrin ring, whereas the
histidine imidazole ring is close to perpendicular to the
pyrrole-nitrogen plane. The planes defined by the
CH3–S–CH2 atoms in Met65 and the imidazole ring of
His163 are at an angle of ~80°, which is relatively close to
a perpendicular arrangement of the axial ligands. Thus,
our results confirm the haem ligation and the unusual
coordination geometry proposed by Cox and coworkers
[18]. CDH is, indeed, the first cytochrome b containing
enzyme with Met/His ligation of the haem. In addition,
CYTcdh is only the second example of a cytochrome with a
Met/His ligated b-type haem, the first being soluble
cytochrome b562 from E. coli [20]. Cytochrome b562,
however, is an all-α protein that folds into a four-helix
bundle and bears no structural resemblance to CYTcdh.
Implications for interaction with the flavodehydrogenase
domain
To date, only four crystal structures of flavocytochromes
have been determined: flavocytochrome b2 (or L-lactate
dehydrogenase) from Bakers’ yeast [21], which contains
haem b and FMN; flavocytochrome c sulfide dehydroge-
nase from the purple phototropic bacterium Chromatium
vinosum [22], with c-type dihaem and FAD as cofactors;
cytochrome P450 Bm-3 from Bacillus megaterium [23] with
haem b and FMN; and p-cresol methylhydroxylase (flavo-
cytochrome c or cresol dehydrogenase) from Pseudomonas
putida [24], with haem c and FAD.
The best studied flavocytochrome, flavocytochrome b2
(FCB2), is present in the intermembrane space of yeast
mitochondria where it couples the two-electron oxidation
of lactate to the respiratory pathway. L-lactate is oxidised
to pyruvate by the FMN cofactor, and reducing equiva-
lents are transferred intramolecularly, one by one, to the
haem b2, and subsequently to cytochrome c. There is no
sequence similarity between CDH and FCB2; however,
both enzymes have a similar bipartite domain organisa-
tion: a haem-b domain, a linker peptide and a flavodehy-
drogenase domain. Each monomer of the FCB2 tetramer
contains a 99-residue cytochrome domain resembling the
soluble fragment of cytochrome b5, and an FMN-binding
flavodehydrogenase domain that folds into a β8α8 barrel.
The linker in FCB2 that connects the two domains com-
prises 10 residues, whereas the peptide linker in CYTcdh is
25–30 residues in length.
In FCB2, the protohaem is ligated by two histidines and
is oriented such that the exposed propionyl sidechains
point towards the FMN cofactor in the flavodehydroge-
nase domain [21], resulting in a minimum distance of
9.7 Å between the haem and FMN cofactors. The inter-
actions formed between the haem propionates and
residues on the flavoprotein subunit, as well as the exact
length and conformation of the 10-residue peptide hinge,
are important determinants for proper positioning of the
domains and, hence, for interdomain electron transfer
[25]. The haem-propionyl group D in FCB2 hydrogen
bonds to Tyr97 of the cytochrome domain, Lys296 in the
flavoprotein domain, and a water molecule. The other
haem propionate, A, points directly towards the flavin
and its carboxylate-oxygen atoms form hydrogen bonds
with Tyr143 of the dehydrogenase domain and a water
molecule close to the N5 and O4 atom of the FMN
group. As seen in the FCB2 structure in complex with
sulfite, Tyr143 is also within hydrogen-bonding range of
the substrate [26].
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Figure 4
Stereoview of the region around the
Fe-protoporphyrin-IX ring in the haem-binding
pocket of CYTcdh. The hexacoordinated haem
iron is ligated by Met65 and His163. The
electron-density map at 2.0 Å resolution was
calculated with structure-factor amplitudes
from Cad1 and MIRAS phases from SHARP
[38] after solvent flipping with SOLOMON
[37]. The quality of the electron density is
representative for the structure. The picture
was made with the program O [39] and
rendered with POVRAY version 3.1.
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Both haem-propionate groups in CYTcdh are solvent-
exposed (Figure 5). In the absence of the flavoprotein
domain, however, the propionate sidechains are oriented
towards an NCS-related molecule (Figure 6). The haem-
presenting face with its exposed haem-propionate
sidechains appears suitable for interacting with the
flavodehydrogenase domain to allow interdomain electron
transfer between the prosthetic groups. As seen in
Figure 6, the conformation of the propionyl sidechain con-
nected to haem-pyrrole ring A is extended and its carboxyl
group participates in cadmium binding together with
Asp24 from a neighbouring NCS-related molecule. The
carboxyl oxygens of haem-propionate D hydrogen bond to
Tyr90 Oη, the peptide nitrogen atom of Met65 and two
water molecules, an arrangement reminiscent of that in
FCB2 where propionate A interacts with Tyr143. In
CYTcdh, a Thr–Gly motif proceeds Tyr90, and the confor-
mation of the peptide backbone of these residues differs
between NCS-related molecules and between the differ-
ent models of CYTcdh. Although this phenomenon might
be because of differences in crystal environment, the flexi-
bility of the 88–89 backbone is demonstrated clearly. The
intrinsic backbone flexibility near Tyr90 might play a role
in the proper positioning of the tyrosine with respect to the
flavoprotein domain, or in docking between the domains.
Mutation of Tyr143 in FCB2 to a phenylalanine resulted
in a protein with impaired interdomain electron transfer
[27]. This has been interpreted as either the obstruction of
an electron-transfer pathway mediated by Tyr143, or the
disruption of domain interactions. We suggest that in
CDH, the haem proprionates of the cytochrome interact
with residues near the flavin and substrate-binding region
in the flavoprotein domain. Furthermore, Tyr90 might be
a structural counterpart to Tyr97 in the haem domain of
FCB2, or possibly a functional counterpart to Tyr143 in
the flavin domain of FCB2.
Comparison of the redox-active and inactive structure
The pH optimum for CDH lies between pH 4.5 and 5
[19,28], and the cytochrome becomes reversibly inacti-
vated above pH 5.9 [29]. The spin state of the haem iron
has been studied at pH 4.2 and 5.9 using EPR [29]. It was
found that the haem iron was low spin at both pH values,
and the conclusion was drawn that redox inactivation of the
cytochrome might be because of conformational changes in
the protein backbone. To investigate whether the inactiva-
tion at alkaline pH is coupled to conformational changes in
the protein, we have determined the crystal structure of
CYTcdh in both its redox-active form at pH 4.6, and in its
inactive form at pH 7.5. The models of the cytochrome at
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Figure 5
The water-accessible surface of CYTcdh. The surface of the protein
molecule is shown in green and the haem group is in red. The picture
was created with INSIGHT II (MSI).
Figure 6
Stereoview of the interactions formed by the
haem-propionyl sidechains in CYTcdh.
Molecule A is coloured beige and the NCS-
related B molecule is yellow. One of the
cadmium ions chelating the NCS-related
molecules is shown in light green, and
hydrogen bonds are depicted as blue lines.
The picture was made with the program O
[39] and rendered with POVRAY version 3.1.
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alkaline and acid pH, Cad3 and Cad4 respectively, are very
similar (root mean square deviation [rmsd] 0.43 Å for all
atoms). No large structural changes occur in the haem-
binding pocket, or elsewhere in the molecule, which
excludes the possibility that the redox inactivation is
because of large conformational changes or reversible
denaturation. Redox inactivation might, however, be
because of positional changes of the haem iron that are too
small to assess using X-ray crystallography at this resolu-
tion. Hence, our conclusion is that the structural integrity
of the cytochrome is intact, and that the structures are near
identical, at alkaline and acid pH values.
The cytochrome of CDH is expected to have its haem
iron in the oxidised state. We have recorded optical
spectra of unexposed and X-ray-exposed CYTcdh crystals
in order to elucidate whether X-ray-induced reduction of
the haem iron takes place. Figure 7 shows that the haem
iron is oxidised (α and β absorption bands at 533 nm and
564 nm, respectively) in cytochrome crystals (pH 4.6) that
have not been exposed to X-rays, whereas the haem iron is
reduced in exposed crystals (α, 531 nm; β, 560 nm). The
same results were obtained for crystals grown at pH 7.5
(data not shown). All the structures of CYTcdh presented
here, contain the Fe(II)-protoporphyrin-IX groups.
Comparison of CYTcdh and the natural cytochrome
fragment
We have prepared CYTcdh proteolytically with papain, but
the cytochrome fragment also occurs naturally in small
quantities when cultivating Phanerochaete chrysosporium
[28]. The question arises, therefore, whether the naturally
occurring cytochrome (referred to as Hp3) is identical to
that obtained in vitro by papain cleavage. The structure of
the Hp3 cytochrome has been determined at 1.9 Å resolu-
tion, and from the electron-density map we conclude that
the amino acid sequence of Hp3 corresponds to that of the
in vitro prepared cytochrome. This strongly suggests that
the natural haem-binding fragment Hp3 is the same gene
product as the cytochrome domain of the intact enzyme.
Proteolytic processing of intact CDH in cellulolytic
culture might provide a means of regulating the function
and activity of the enzyme [30].
Comparison with the Fab VH antibody fold
Despite the lack of any apparent sequence similarity,
CYTcdh has the same topology as the nine-stranded heavy
chain of the variable domain of the Fab antibody (Figure 3).
The similarity was discovered by searching the Protein
Data Bank with the program DEJAVU [31] and the CATH
server [32], in which the best fit was obtained for a polysac-
charide-binding antibody (PDB code 2H1P [33]). Structural
alignment of CYTcdh and the VH domain gives an rmsd of
2.3 Å for 52 core Cα atoms. The N terminus of CYTcdh con-
tains a β-hairpin (strands A′ and A′′) that is not present in
the immunoglobulin fold of the VH domain (Figure 3).
The three loops that wedge the haem in CYTcdh are
extended compared with those in the VH domain. In
CYTcdh, the loop corresponding to the hypervariable
region CDR3 (complementarity-determining region 3) in
VH is extended and curves back to form the lower haem-
binding flap. The two other haem-binding loops in CDH,
however, do not correspond to hypervariable loops in VH
(Figure 3). An interstrand disulfide bond is formed
between strands B and F in VH, whereas in CYTcdh, an
intrastrand disulfide bond is present in strand E. In the
Fab fragment, the β sheet referred to as the inner sheet in
CYTcdh is the functionally most important part of the mol-
ecule because it contains all three CDRs. Similarly, this
sheet in CYTcdh contains all the residues and structural
elements that form the haem-binding pocket. Interest-
ingly, when superimposing the structures of CYTcdh and
the VH domain, the position of the haem in CDH maps
onto the interface between the VH and VL domains.
Besides the N-terminal extension in the cytochrome, the
topologies of CYTcdh and Fab are identical; nonetheless,
the two structures have probably evolved independently
to the same fold.
Besides CYTcdh, the only other reported cytochrome
structure that consists mainly of β structure is the 252-
residue lumen-side domain of cytochrome f [34].
Cytochrome f is a c-type cytochrome that is part of a
larger integral membrane-protein complex present 
in chloroplasts, cytochrome b6f. The structure of
cytochrome f consists of a small 63-residue domain, and a
larger 184-residue domain. The large domain has the fold
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Figure 7
Optical spectra of unexposed and X-ray-exposed cytochrome crystals
at pH 4.6. The α and β absorption bands of the oxidised (dashed line,
unexposed crystal) and reduced (solid line, X-ray-exposed crystal)
spectrum are highlighted.
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of the type-III domain of fibronectin (FnIII), which
resembles the seven-stranded immunoglobulin constant
domain. In cytochrome f, the positions of the β strands C′
and C′′ are swapped, resulting in a topology that is differ-
ent from those of the constant and variable immunoglob-
ulin domains. In addition, strand D is missing and an 
α helix inserted at its position. The small domain of
cytochrome f is inserted where the CDR3 loop is located
in the VH domain, resulting in an elongated molecule.
The c-type haem is bound at the interface between the
domains by a haem-binding peptide (residues 1–25) that
is not present in the immunoglobulin fold. The N-termi-
nal peptide consists of two short α helices where impor-
tant haem-binding residues are located: Cys21 and Cys24
that covalently bind the Fe–porphyrin IX ring, and the
axial haem-iron ligands (His25 and the amino group of
the N-terminal residue).
Biological implications
More than half of all the carbon dioxide that is fixed by
photosynthesis is converted into lignocellulose. Natural
recycling of lignocellulose is a crucial process for main-
taining the global carbon cycle and is achieved by micro-
organisms that secrete a variety of wood-degrading
enzymes. Cellobiose dehydrogenase (CDH) is one of the
enzymes secreted by the white-rot fungus Phanerochaete
chrysosporium when cellulose is present as a carbon
source. The enzyme is intriguing, mainly because of its
ability to degrade both cellulose and lignin but also
because it is the only known extracellular flavocy-
tochrome.
CDH has a bipartite domain organisation with a b-type
cytochrome attached to a flavin-containing dehydroge-
nase domain. The dehydrogenase domain oxidises cel-
lobiose yielding two electrons that can be used to
produce hydrogen peroxide from oxygen, or Fe(II) from
Fe(III), which is abundant in wood. During the cat-
alytic cycle, electrons are transferred from the flavin in
the dehydrogenase domain to the haem in the
cytochrome domain. In the reduced state, the
cytochrome might either reduce Fe(III) to Fe(II)
directly, or assist the dehydrogenase domain in reducing
Fe(III). Subsequently, ferrous ions react with hydrogen
peroxide leading to the generation of highly reactive
hydroxyl radicals that degrade polymers in wood.
Compared with other known cytochrome structures,
there are two unusual structural features observed in
the cytochrome domain of CDH: a fold consisting
mainly of β structure, and a b-type haem ligated by
methionine and histidine. Despite the lack of sequence
similarity to other known proteins, the cytochrome
structure consists of an immunoglobulin-like β sand-
wich with the topology of the antibody VH domain.
The haem is hexacoordinated with methionine and his-
tidine as axial ligands, which is uncommon in b-type
cytochromes. The coordination geometry itself is
unusual in that the methionine sidechain is almost per-
pendicular to the imidazole ring of the histidine. The
propionate sidechains of the haem are surface exposed
and oriented such that they probably play a role in
association with the dehydrogenase domain and inter-
domain electron transfer.
Materials and methods
Crystallisation and data collection
Intact CDH was purified and proteolytically cleaved to produce
cytochrome and flavodehydrogenase fragments as described previ-
ously [9]. Crystals of the cytochrome domain grew at room temperature
using the hanging-drop vapour-diffusion method [35]. Hanging drops
were prepared by mixing equal volumes of protein solution
(5–10 mg/ml) and reservoir. The reservoir contained 30–40% polyeth-
ylene glycol 4000, 5–20% 2-methyl-2,4-pentanediol, 100 mM Hepes
(pH 7.5) or NaAc (pH 4.6), and either 50–100 mM CaCl2 (native) or
10–100 mM CdCl2 (cadmium-bound crystals). Except for the native
crystals, all crystals, including those of Hp3, were co-crystallised with
CdCl2 to improve crystal quality. Crystals in the form of red hexagonal
rods appeared within ten days. The space group was P61 or P65, with
cell constants a = b = 139 Å and c = 54 Å. Data collection statistics
are summarised in Table 1. All data sets were collected at 100K and
processed with the HKL package [36].
Optical spectra of cytochrome crystals
UV–VIS spectra were recorded on cytochrome crystals in an open
stream of nitrogen gas (100K) using an XSPECTRA single-crystal
microspectrophotometer. Four crystals were tested: crystals at pH 4.6
and 7.5 that had not been exposed to X-rays, and crystals at pH 4.6
and 7.5 that had been exposed on a Rigaku rotating anode (CuKα) for
9 h each. Because of high absorption in the vicinity of the Soret peak,
the region of the α and β absorption bands (500–600 nm) was chosen
for the experiment.
Structure determination and refinement
The structure was solved by means of multiple isomorphous replace-
ment including anomalous scattering information (MIRAS). An initial
cadmium heavy-atom model obtained through difference Patterson
methods was refined with MLPHARE [37], and extended using the
difference Fourier technique to include a holmium derivative
(Table 1). At this stage, the space group was determined to be P65
with two protomers per asymmetric unit giving a solvent content of
~55%. Further phase refinement in SHARP [38] and solvent flipping
in SOLOMON [37] yielded an electron-density map of excellent
quality that allowed immediate building of residues 1–186 using the
program O [39].
Initial refinement was done with CNS [40] and included simulated
annealing with torsion-angle dynamics, energy minimisation, individ-
ual isotropic B factor refinement, and bulk-solvent correction against
the maximum-likelihood amplitude target. Group B-factor constraints
were applied in the initial stages of refinement. For refinement of the
initial model, the Cad3 structure-factor amplitudes to 1.9 Å resolution
were used. The starting Rfree value of 39% dropped smoothly 
during alternating rounds of refinement and rebuilding guided by 
σA-weighted maps.
A final refinement round was done with SHELXL97 [41] using conju-
gate-gradient least-squares minimisation, anisotropic scaling and local
NCS restraints (Table 2) [42].
Quality and contents of the refined models
The geometry of the final models is tightly restrained with rms devia-
tions from ideal bond lengths and bond angles of 0.007 Å and 1.8°,
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respectively. According to PROCHECK [43], the percentage of
residues in the most favourable region of the Ramachandran plot are
93.9, 94.4 and 95.2 for Cad3, Cad4 and Hp3, respectively, with no
residues falling in the disallowed or generously allowed regions. The
models contain: Cad3, two protein molecules (residues 1–186), 326
water molecules and 6 cadmium ions; Cad4, two protein molecules
(residues 1–190), 340 water molecules and 5 cadmium ions; Hp3, two
protein molecules (residues 1–186), 269 water molecules and 6
cadmium ions. All models also contain two protohaem groups, one
polyethylene glycol molecule (modelled as C11O6), and two N-linked
carbohydrate chains at Asn111, each with two N-acetyl glucosamine
and one mannose residue.
Accession numbers
The coordinates and structure factors have been deposited with the
Protein Data Bank. Accession codes are: 1D7B, R1D7BSF (Cad3);
1D7C, R1D7CSF (Cad4); and 1D7D, R1D7DSF (Hp3).
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